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ABSTRACT 

In  annealed  two-phase  brass,  push-pull  fatigue  at  loads 
near  the  endurance  limit  produces  residual  stresses  only  in 
the  softer  majority  o<  phase,  not  in  P.  These  stresses  are 
balanced  between  undeformed  oc-phase  regions,  and  a  small 
fraction  of  deformed  o<  ;  the  P  phase  is  not  involved  in  this 
balance.  The  uniform  deformation  produced  by  peening  becomes 
inhomogeneous  during  fatigue,  especially  in  the  softer  o<_ 
phase  This  inhomogeneity  of  deformation  is  greater  after 
fatigue  of  the  peened  specimens,  than  after  fatigue  of  an¬ 
nealed  ma  t  e  r  i  a  1  . 

\ 
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INTRODUCTION 


Many  engineering  materials  consist  of  more  than  one 
phase  Residual  stresses,  which  play  an  important  role  in 
determining  properties  and  the  material's  response  to  chemi¬ 
cal  and  loading  environments,  can  arise  in  two  principal  ways 
in  such  a  material.  Ma c r o s t r e s s e s  develop  when  one  part  of  a 
body  is  plastically  deformed  relative  to  another.  Elastic 
constraints  give  rise  to  this  component.  As  an  example, 
consider  s ho t - p e e n i ng .  Plastic  flow  due  to  the  impinging 
shot  occurs  in  the  near  surface  regions  and  the  extended 
material  in  this  region  applies  a  force  to  the  undeformed 
bulk,  and  vice  versa.  Microstresses  (whose  average  values 
are  sometimes  called  pseudo-macro  stresses)  arise  between  the 
phases  on  a  microscopic  scale  due  to  differences  in  the 
elastic  and  plastic  response  of  the  different  phases. 

1  2 

Recently  '  with  modifications  to  the  well-known  x-ray 

methods  for  measuring  stresses  non-des t rue t i ve I y ,  it  has  been 

shown  how  to  separate  these  two  components.  In  a  shot-peened 

2 

two-phase  brass  ,  it  was  found  that  the  mi c r o s t r e s s e s  are 
much  larger  in  the  P  phase  than  in  the  o<  phase  and  are 
largest  near  the  surface,  whereas  the  macrostresses  has  its 


maximum  value  below  the  surface. 


Changes  in  induced  stress  patterns  during  fatigue  are 
of  interest  Here  we  present  a  study  of  the  stresses  (and  x- 
ray  peak  shape  as  well)  to  examine  the  changes  after  fatigue 
in  an  annealed  and  peened  two-phase  brass. 

EXPERIMENTAL  PROCEDURES 

The  preparation  of  the  flat  annealed  and  peened  poly- 

2 

crystalline  60-40  brass  specimens  is  described  in  detail  in 
The  grain  size  was  40  microns,  and  the  volume  fraction  of  £ 
was  0.22.  The  annealed  specimens  were  peened  first,  then 
annealed,  to  produce  the  same  surface  roughness,  ~6  microns 
in  depth  Various  depths  below  the  surface  were  obtained  by 
electropolishing  in  a  phosphoric  acid  solution.  This  po¬ 
lishing  was  performed  in  a  small  area  of  the  gauge  length, 
and  so  corrections  for  stress  relief  were  deemed  to  be  unim¬ 
portant  . 

Fatigue  was  carried  out  in  a  servo-hydraulic  MTS  ma¬ 
chine  The  grips  were  initially  aligned  by  melting  a  Woods 
metal  bath  holding  the  lower  grip  and  using  a  standard  plate 
to  move  the  grips  in  line,  to  minimize  bending  moments  and 
assure  uniaxial  loading.  Fatigue  was  in  the  load-control 
mode,  with  a  fully  reversed  sinusoidal  wave  form  and  a  fre¬ 
quency  of  10Hz.  The  maximum  applied  load  was  ±  175  MPa, 


4 


which  is  the  endurance  limit  for  this  brass' 


The  spec imens 


were  periodically  removed  and  stress  and  x-ray  peak  shape 
obtained . 


Stress  determinations  were  made  on  a  minicomputer- 
controlled  Picker  diffractometer,  with  a  G  E.  quarter  circle 
goniometer  as  a  sample  holder  and  filtered  CrK  radiation. 
The  <*>  rotation  on  this  circle,  and  the  separate  0  drive  on 
the  diffractometer  were  employed  to  establish  the  various 
required  and  tilts.  Intensities  were  corrected  on-line 
for  background,  absorption,  the  Lorenti-polariiation  factor 
and  detector  dead  time.  A  peak's  position  was  taken  to  be 
the  apex  of  a  parabola  fit  to  the  top  IS  pet  of  a  peak 


employing  at  least  7  points  and  background  correction  for  the 

o<  phase,  9-13  points  for  the  P  phase.  The  stationary  slit 

method  was  employed,  with  corrections  for  changes  in  doublet 

resolution  with  •+>  tilt^  The  positions  (of  the  (211)  and 

cx 

(  2  2  0  ) p  peaks)  were  obtained  to  a  precision  of  0.02°  20,  which 
corresponds  to  ~  ±15  MPa  for  both  phases.  Geometric  errors 


due  to  sample  misalignment  and  horizontal  divergence  were 
calculated  to  be  5  MPa  at  most. 


The  measurements  consisted  of  obtaining  the  inter- 

2 

planar  "d"  spacings  (from  the  peak  20  values)  vs  sin  ,  for 

o 

both  phases,  and  for  each  phase  at  two  4>  orientations  (0  and 


90  )  around  the  normal  to  the  specimen  face  The  value  of 

=  0°  corresponds  to  stresses  in  the  direction  of  the 

applied  load  The  8-ray  elastic  constants  needed  to  convert 

2 

the  least  squares  fit  to  the  slope  of  "d"  vs  sin  to  stress 

were  calculated  following  Kroner6  from  single  crystal  values 

7 

for  both  phases  The  stresses  measured  were  the  total 

0  t  m  Dm 

values,  e  g.  at  *  =  0  ,  O  =  C  <  O  >  +  C  <  <7  i  > w 

<  >7  3  3  >  P  m  3  ;  at  <t>  =  90°  a  2  2  replaces  <7  1  1  . 

The  shape  of  the  same  x-ray  peaks  was  monitored  via  the 
half-widths.  For  further  experimental  details  see  refs  2  or 
8 

RESULTS 

a  )  An  ne  a  1  ed  State 

2 

Prior  to  fatigue  the  slope  of  "d"  vs  sin  was 
essentially  zero  for  both  phases,  indicating  the  absence  of 

residual  stresses.  As  fatigue  proceeded  oscillations 

developed  in  "d"  vs  sin^v|»  for  the  o<  phase,  as  can  be  seen  by 
comparing  Figs  la,  b  for  the  o<  phase  and  Figs.  2a,  b  for  the 
P  phase.  This  absence  of  oscillations  for  the  P  phase  per¬ 
sisted  up  until  fracture  at  312,000  cycles.  There  was  no 
change  in  the  peak  half  breadth  for  either  phase  When  30 


6 


microns  were  removed  there  were  no  stresses  and  the  oscil- 

2 

lations  in  "d"  vs  sin  +  for  the  cx  phase  disappeared  These 
data  are  summarized  in  Tables  I  and  II. 

b  )  Shot-Peened  Spec  im  en  s 

2 

Prior  to  the  fatigue  the  various  stresses  obtained  in 

2 

are  summarized  in  Fig.  3.  The  '*  d "  vs  sin  was  linear  and 
retained  this  linearity  until  ~50,000  cycles,  after  which 
oscillations  were  observed  for  the  oc  phase  only,  Fig  4 
These  increased  with  cycling  until  failure  at  694,000  cycles. 
Note  also  that  the  relative  intensity  vs  sin  shows  that 

texture  is  developing  with  cycling  in  the  o<  phase 

The  stresses  are  given  in  Table  III.  The  behavior  is 

quite  different  for  both  phases  The  residual  stress  in  the 

0  phase  (which  is  primarily  microstress)  decayed  to  near  zero 

(for  both  <t  directions)  at  10  cycles.  There  was  some 

decrease  for  the  cx  phase  vs.  N,  followed  by  an  increase 

(The  stresses  in  the  «  phase  are  primarily  mac r o s t r e s ses . ) 

After  30  microns  was  removed  there  were  oscillations  in  "d" 

2 

vs  sin  4*  for  both  phases. 

The  half  breadths,  Table  IV,  also  indicated  different 
behavior  in  both  phases  That  for  the  cx-phase  remained 


? 


constant  during  cycling,  while  that  for  the  0  phase  sharpened 
a  bit  with  N,  then  remained  constant.  After  removal  of  30 
microns  these  breadths  were  similar  to  those  just  prior  to 
layer  remova 1 . 

DISCUSSION 

Fo  rm  at  ion  a  nd  Vari  at  ion  o  f  Res  id  na  I  Stresses  i  n  Both  P  ha  se  s 
_o £_  An  ne  al  ed  6  0-40  B  ra  ss 

Summarizing  the  results: 

i)  No  stresses  developed  in  the  0-phase  at  any 

point  during  fatigue  loading 

ii)  Residual  stresses  developed  in  the  oc-phasa, 

which  is  softer,  but  oscillations  occur  in 
"d"  vs  sin2g». 

i i i >  The  ha  1 f - b r e ad t hs  of  the  measurement  peaks, 

obtained  a  t  =  0°,  remained  cons  ta  nt  during 
the  experiment. 

iv)  At  30  microns  below  the  surface  both  phases 

exhibited  linear  "d"  vs  sin2^  plots  with  neg¬ 
ligible  slope;  thus,  residual  stresses  were 
zero.  The  half-widths  obtained  after  the 
etch  were  the  same  as  the  ones  from  the  sur¬ 


face. 
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From  these  results,  the  following  conclusions  are 
dec  i v  e  d 


i  i  ) 


Plastic  deformation  caused  by  fatigue  is  i n- 

ho  mo  oe  ne  ou  s  1  v  distributed  in  the  o<-phase, 

(which  is  known  to  cause  oscillations  in  "d" 
2  9 

vs  sin  *+  )  . 

The  volume  fraction  of  the  deformed  regions 
is  small .  This  must  be  so  since; 


a)  The  half-breadth  of  the  cx-peak  ,  which  is 
a  measure  of  aver  age  deformation  over 
all  the  grains  sampled  does  not  change 


b  ) 

There 

i  s  no 

average  balancing 

stress 

i  n 

the  0 

-phase 

As  the  volume 

fraction 

o  f 

P  is 

much 

smaller  than  that 

for  o<  , 

a  ny 

uniform  distribution  of  stress  in  o<  will 
be  reflected  as  a  larger  change  in  the 
balancing  stress  in  0.  However,  since 
deformation  is  inhomogeneous ly  distri¬ 
buted,  we  have  three  (or  more)  phases; 
P-phase,  deformed  o<-particles  and  non- 
deformed  o<-pa  r  t  i  c  1  es  Assume  that  a  1  1 

deformed  oc-particles  have  the  same  de¬ 
formation,  and  all  other  ix-pj  r  t  ic  1  es 
have  none.  Then  from  the  force  balance 


derived  in  ref.  1 


deformed  ,  deformed  non-deformed 

o  •  f  +  o 

oc  oc  oc 


non-defo  r  me  d 


+  C*  •  f  _  =  0 
9  9 


deformed  ,  deformed  non-deformed  ,  non-deformed 

—  <5  *  f  =  a  •  f 

c<  cx  o<  o< 

+  °9  ‘  f9 


where  f.  is  the  volume  fraction.  As  we 
l 

2 

observed  oscillations  xn  "d"  vs  sin  , 

.  deformed  .deformed. 

t-<7  •  f  >  must  be  large, 

cx  oc 

This  must  be  balanced  in  large  part  by 

_non-deformed  ,  non-deformed  .  .  , 

o  •  f  since  both 

c x  cx 

<7 _  and  f_  are  small  Thus,  either 

D  9 

_ non- de f o rmed  ...  _  .non-deformed 

<7  is  large,  or  t 

oc  oc 

is  large.  If  0 non-d e f o rmed  i# 

oc 

.  .  ,  , de  to rmed  .  ,  .  . 

large,  then  f  is  large  but 

oc 

this  will  change  the  half -breadth ;  as  it 

does  not  change,  f  non-deformed  is 

oc 

large 

As  shown  in  the  above  discussion,  the  stress 
in  the  deformed  oc-particlee  is  balanced  by 


the  stresses  in 


oc-particles  and 


P-particles. 


iv>  A  deformed  surface  layer  exists  (only  in  the 


c<-phase)  that 

extends 

30  n  into  the 

raa  - 

t  e  r  i  a  1  , 

similar 

to  that  reported  by  Taira 

e  t 

r  10 

a  1  . 

for  16% 

C  steel. 

Howe  v  e  r ,  in 

this 

case, 

some  Cji 

grains  are 

de  f  o  rmi ng  in 

the 

surface 

,  wh  i  1  e 

others  do 

not,  wh i 1 e 

none 

deform  below  the  surface. 

v)  Even  though  the  profile  of  residual  stress 

with  depth  changes,  there  is  no  significar 
macrostress  balance  between  surface  and  bul 
because  the  volume  fraction  of  deformed  oc 
grains  in  the  surface  is  small . 

Be  ha  vi  or  o  f  Shot  -Pttnina  Stresses  i  n  Both  Phases  o  f  60-40 
Be  as  s  Sub  iect  ed  t  o  Fa  t  i  au e  Loading 

To  summarize  the  results,  the  stresses  caused  by  shot- 

4 

peening  in  the  P-phase  decayed  to  low  valueus  in  10  cycles, 

accompanied  by  a  sharpening  of  the  (211)  pealc.  For  the  o<- 

0 

phase,  however,  residual  stresses  persisted  with  linear  "d” 

2 

vs  sin  'V ,  for  both  directions,  S.^  ,  S. ^  (with  the  load  being 

applied  in  the  direction)  However,  the  change  in  was 

greater,  a  decay  to  36%  of  its  original  value,  while 
changed  by  45%  There  was  also  no  change  in  the  half-breadth 


of  the  (220)  peak  throughout  the  experiment  For  this  spec- 

c* 

linen,  inhomogeneous  deformation  in  the  cc-phase  started  at  90° 

5  n 

to  the  direction  at  10  cycles,  while  "d"  vs  s i n 4 ^  was  linear 

3 

in  the  load  direction  until  388  10  cycles  This  is  in 

contrast  to  the  annealed  sample  which  exhibited  oscillations 
in  both  directions  early  in  the  fatigue  life  The  magnitude 

of  oscillations  for  both  directions  increased  with  increasing 
fatigue  deformation  and  at  fracture  a  linear  regression  line 
fitted  to  such  oscillatory  data  had  a  rather  large  slope  (al¬ 
though  such  a  comparison  is  only  qualitative). 

We  observe  that: 


i  ) 

For 

the 

shot-peened  sample, 

the 

fatigue  life 

i  s 

much 

longer  (twice)  than 

that 

of  a  speci- 

me  n 

with 

identical  surface  fi 

n  i  sh 

but  no  re- 

sidual  stresses  or  cold-work, 
ii)  Fatigue  causes  the  o<  -  h  omo  g  e  ne  o  u  s  surface  de¬ 

formation  distribution  produced  by  peening  to 
become  inhomogeneous.  This  inhomogeneity  is 
more  pronounced  in  the  softer  phase  How¬ 

ever,  some  oscillations  also  occur  for  the 
harder  (ff)  phase,  although  they  are  not  as 
large  as  in  cx 

The  inhomogeneity  is  larger  in  the  cold- 
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Figure  2d:  I.  C.  Noyan  and  J.  B.  Cohen 
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Figure  2a:  I.  C.  Noyan  and  J.  B.  Cohen 
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Figure  1b:  I.  C.  Noyan  and  J.  B  .  Cohen 
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Figure  la:  I.  C.  Noyan  and  J.  B.  Cohen 


FIGURE  CAPTIONS 


Figure  la:  Interplanar  spacing,  "d",  vs  si n2 4,  and  relative  intensity 

for  a-phase  of  annealed  60-40  brass  before  fatigue  cycling. 

Figure  1b:  Interplanar  spacing,  "d",  vs  s i n2 and  relative  intensity 

vs  sin2 4,  for  the  a-phase  of  60-40  brass  after  6000  fatigue 
cycles. 

Figure  2a:  Interplanar  spacing,  "d",  vs  s i n2 <p  and  relative  intensity 

vs  sin2  4,  for  e-phase  of  annealed  60-40  brass  before  fatigue 
cycling. 

Figure  2b:  Interplanar  spacing,  "d",  vs  sin2^  and  relative  intensity 

vs  sin2 4,  for  the  s-phase  annealed  60-40  brass  at  6000 
fatigue  cycles. 

Figure  3a:  Separated  macro  and  micro  (p.m.)  components  as  a  function 

of  depth  (9  =  0°). 

Figure  3b:  Separated  macro  and  micro(p.m.)  components  as  a  function 

of  depth  (9  =  90°). 

Figure  4a:  Interplanar  spacing,  "d",  vs  s i n2 4,  and  relative  intensity 

vs  sin2 4,  for  the  a-phase  of  shot-peened  60-40  brass  at 
694,000  fatigue  cycles. 

Figure  4b:  Interplanar  spacing,  "d",  vs  sin2 4,  and  relative  intensity 

vs  sin2  4,  for  the  8-phase  of  the  shot-peened  60-40  brass 
specimen  at  694,000  fatigue  cycles. 
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oscillatory  data 


sin  *  data  and  are  therefore,  approximate. 
30  it  removed. 


fulfillment  of  the  requirements  for  a  Ph  D  degree,  August 


19  8  4. 
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worked  specimen  than  in  an  annealed  one, 

2 

since  oscillations  in  "d"  vs  sin  >+<  were  much 
more  pronounced  than  those  in  an  annealed 
specimen  subjected  to  the  same  load 

Further  analysis  of  x-ray  data  from  such  specimens  Cin 
order  to  determine  where  the  stresses  are  being  balanced  and 

to  what  extent  lis  not  possible  currently  since  techniques 

2 

are  not  yet  available  to  analyze  oscillatory  "d"  vs  sin  i+> 

2 

data  It  is  clear  that  it  is  possible  to  use  " d"  vs  sin  +> 

plots  as  a  tool  for  determining  the  onset  of  in-homogeneous 
plastic  deformation  by  observing  the  presence  and  magnitude 
of  oscillations. 
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